Orbital obliquities of transiting planets from starspot occultations by Southworth, John & Mancini, Luigi
ar
X
iv
:1
60
8.
03
09
5v
1 
 [a
str
o-
ph
.E
P]
  1
0 A
ug
 20
16
The 19th Cambridge Workshop on Cool Stars, Stellar Systems, and the Sun
Edited by G. A. Feiden
Orbital obliquities of transiting planets from starspot occultations
John Southworth1, Luigi Mancini2,3
1 Astrophysics Group, Keele University, Staffordshire, ST5 5BG, UK
2 Max Planck Institute for Astronomy, Königstuhl 17, 69117 – Heidelberg, Germany
3 INAF – Osservatorio Astrofisico di Torino, via Osservatorio 20, 10025 – Pino Torinese, Italy
Abstract
When a planet passes in front of a starspot during a transit of its host star, it causes a small upward blip in the light curve.
Modelling the transit with the starspot allows the size, brightness and position of the spot to be measured. If the same spot
can be observed in two different transits, it is possible to track the motion of the spot due to the rotation of the star. The
rotation period and velocity of the star (Prot and v sin i) and the sky-projected orbital obliquity of the system (λ) can then be
determined. If one has three or more observations of the same spot, the true orbital obliquity (ψ) can be measured. We are
performing this analysis for a number of cool stars orbited by transiting planets. We present our results so far and compile a
catalogue of λ and ψ measurements from spot crossing events. The method is particularly useful for cool stars, and is therefore
complementary to studies of the Rossiter-McLaughlin effect, which perform better on hotter and faster-rotating stars.
1 Introduction
The study of extrasolar planets is currently one of the
most active areas of research in astrophysics, encompassing
observational and theoretical analyses of gas giants, rocky
planets, their host stars, and the formation and evolution of
planetary systems including our own Solar system. Those
planets which transit their host star afford particular excite-
ment as they are the only examples whose masses and radii
are measurable, from which additional insight into their for-
mation, structure and dynamical evolution can be gleaned.
A critical problem in planetary astrophysics concerns the
genesis of hot Jupiters, which can be defined as giant plan-
ets with masses of 0.3MJup or more, on very tight orbits
with orbital periods Porb < 10d (Southworth, 2015). They
are predicted to form beyond the “ice line” in a protoplane-
tary disc (e.g. Lin et al., 1996; Baruteau et al., 2014) so must
have jettisoned most of their angular momentum in order
to arrive at their current orbits. The two possible causes
are smooth inward migration through the protoplanetary
disc (e.g. Goldreich & Tremaine, 1980) and gravitational ef-
fects such as Kozai-Lidov cycles and planet-planet scattering
(Fabrycky & Tremaine, 2007; Dawson & Murray-Clay, 2013)
combined with tidal evolution (Albrecht et al., 2012). The
two migration mechanisms predict different dynamical char-
acteristics for the present-day orbits, in particular orbital
obliquity (the relative alignment of the planet’s orbital axis
and the rotational axis of the host star). Observational con-
straints on this quantity therefore enable investigations into
the formation and evolution mechanisms of giant planets.
The sky-projected orbital obliquity (λ) can be measured
observationally in several ways. Measurement of the
Rossiter-McLaughlin effect1 (an anomalous radial velocity of
the host star caused by occultation of a portion of its rotat-
ing surface) has now been achieved for a total of 90 transit-
1See the TEPCat catalogue (Southworth, 2011) which can be found at
http://www.astro.keele.ac.uk/jkt/tepcat/
ing planets (e.g. Triaud et al. 2010; Albrecht et al. 2012) and
is effective at moderate stellar rotational velocities. Or-
bital obliquities can be measured for systems containing
faster-rotating stars by the method of Doppler tomography
(Collier Cameron et al., 2010a,b) including in some cases the
true orbital obliquity (ψ). Both methods fail for slowly-
rotating stars (those whose v sin i is not significantly greater
than the spectral resolution), which are predominantly cool
dwarfs spun down by magnetic braking.
Orbital obliquity measurements for slowly-rotating stars
can instead be obtained by tracking the movement of spots
on the surfaces of these stars. When occulted by a planet,
they imprint an anomalous brightening on the transit light
curve whose morphology depends on the spot position, size,
and brightness relative to the pristine photosphere of the
star. A detection of the positional displacement of one
starspot observed during two transits immediately yields
a measure of λ. Furthermore, observation of the posi-
tion of one spot during three or more different transits al-
lows constraints to be placed on ψ (Nutzman et al., 2011;
Sanchis-Ojeda & Winn, 2011), which is not accessible via the
Rossiter-McLaughlin effect (but see also Cegla et al. 2016).
In this work we present a project to expand the number
of transiting planetary systems for which orbital obliquity
measurements have been achieved, in order to explore the
orbital configurations of planets around cool stars. Our work
is based on obtaining high-precision photometry of plan-
etary transits through the telescope-defocussing method
(Alonso et al., 2008; Southworth et al., 2009a,b,c), and on
modelling the resulting light curves using the prism+gemc
code (Tregloan-Reed et al., 2013, 2015). Below we review our
work so far and assemble a catalogue of obliquity measure-
ments obtained using the spot-tracking method.
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Figure 1: Light curves of WASP-19 (filled circles) compared
to the best-fitting prism+gemc models (solid lines). The
residuals are positioned at the base of the figure, offset from
zero.
2 WASP-19
The WASP-19 system (Hebb et al., 2010) contains a giant
planet with a very short orbital period (0.788 d), a mass of
1.139 ± 0.036MJup and a radius of 1.410 ± 0.021RJup
(Mancini et al., 2013), orbiting a star moderately cooler than
the Sun (Teff = 5460 ± 90K). We observed three tran-
sits over a period of five nights (Fig. 1) using the ESO
New Technology Telescope (NTT), serendipitously detect-
ing the occultation of the same spot on two successive
nights (Tregloan-Reed et al., 2013). We introduced the prism
code, which uses the pixellation method and a Cartesian
co-ordinate system to generate a synthetic light curve of
a spotted star being transited by a planet, and the gemc
code, which fits this model to observational data using
a differential-evolution MCMC approach (Ter Braak, 2006).
This approach allowed measurement of the star’s rotation
period (Prot = 11 .d76 ± 0 .d09 at a latitude of 35◦) and
of λ = 1 .◦0 ± 1 .◦2. The last value is a significant im-
provement on that obtained from spectroscopic observa-
tions of the Rossiter-McLaughlin effect (λ = 4 .◦6 ± 5 .◦2;
Hellier et al. 2011). The NTT turns out to be a very
good telescope for obtaining high-precision photometry for
planet hosts with a good comparison star within 4 arcmin
(Tregloan-Reed & Southworth, 2013).
3 Qatar-2
The star Qatar-2 A is a cool dwarf (Teff = 4645 ± 50K)
found by Bryan et al. (2012) to host a planet, Qatar-2 b, orbit-
ing every 1.34 d. The planet has a high density, with a mass
Figure 2: The GROND r- and i-band light curves of Qatar-2
(filled circles) compared to the best-fitting prism+gemcmod-
els (solid lines). The residuals are positioned at the base of
the figure, offset from zero.
of 2.494 ± 0.054MJup and a radius of 1.254 ± 0.013RJup
(Mancini et al., 2014). We observed three transits using the
GROND imager on the 2.2m telescope at ESO La Silla, which
is capable of observing in four optical bands simultane-
ously (similar to the SDSS griz bands), plus three transits
from other telescopes (Mancini et al., 2014). All transit light
curves exhibited starspot anomalies. Two of the transits ob-
served with GROND showed the same starspot (Fig. 2), from
which we calculated Prot = 14 .d8 ± 0 .d3 at a latitude of 16◦,
and λ = 4 .◦3 ± 4 .◦5. This is the only orbital obliquity mea-
surement for Qatar-2 currently published, but spectroscopic
observations of the Rossiter-McLaughlin effect confirm this
result (Esposito et al., in prep) albeit with larger errorbars.
4 WASP-6
WASP-6 comprises a low-density hot Jupiter (mass 0.485±
0.028MJup and radius 1.230 ± 0.037RJup) orbiting a cool
star (Teff = 5383 ± 41K) every 3.36 d (Gillon et al., 2009).
It is the object which sparked our project, after two tran-
sits observed 27 d apart in 2009 showed spot crossing events.
A total of four transits were observed using the Danish
1.54m Telescope at ESO La Silla (Tregloan-Reed et al., 2015)
of which the middle two showed the signature of occulted
starspots (Fig. 3). Under the assumption that they were due
to the same spot, which had travelled slightly more than
once round the star in the interval between these two tran-
sits, we found Prot = 23 .d80 ± 0 .d15 at a latitude of 14◦
and λ = 7 .◦2 ± 3 .◦7. These values are consistent with –
and a significant improvement on – spectroscopic obser-
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Figure 3: Light curves of WASP-6 (filled circles) compared to
the best-fitting prism+gemcmodels (solid lines). The residu-
als are positioned at the base of the figure, offset from zero.
vations of the Rossiter-McLaughlin effect, which indicate
λ = 14+14
−18 degrees (Gillon et al., 2009).
5 WASP-41
The WASP-41 system shows deep transits of an active
G8V star (Maxted et al., 2011) with Teff = 5546 ± 33K
(Mortier et al., 2013), caused by a planet of mass 0.977 ±
0.026MJup, radius 1.178 ± 0.018RJup and orbital period
3.05 d (Southworth et al., 2016). Neveu-VanMalle et al. (2016)
have found a second planet with a much longer period of
421 ± 2 d which is not known to transit but was identi-
fied from radial-velocity monitoring of the host star. We
observed four transits by the short-period planet using the
Danish Telescope, of which two consecutive transits showed
anomalies due to the same starspot (Fig. 4) and allowed us to
determine Prot = 18 .d6 ± 1 .d5 at a latitude of 20◦, and λ =
6
◦
±11
◦. This obliquity measurement improves on the value
from the Rossiter-McLaughlin effect of λ = 29+10
−14 degrees
(Neveu-VanMalle et al., 2016).
6 WASP-52
WASP-52 comprises a low-density planet (mass 0.46 ±
0.02MJup, radius 1.27 ± 0.03RJup) on a 1.75 d period or-
bit around a cool dwarf (Teff = 5000± 100K; Hébrard et al.
2013). We observed eight transits in this system, using the
Danish Telescope, GROND, the 1.23m telescope at Calar
Alto Observatory, Spain, and the 1.5m Cassini telescope at
the Observatory of Bologna, Italy (Mancini et al., 2016). Five
of the transits show starspot anomalies (Fig. 5). Four of these
Figure 4: Light curves of WASP-41 (filled circles) compared
to the best-fitting prism+gemc models (solid lines). The
residuals are positioned at the base of the figure, offset from
zero.
appear to be due to the same spot, and are each separated
by 14–15 d. We find a sky-projected orbital obliquity of
λ = 3 .◦8 ± 8 .◦4, as well as Prot = 13 .d1 ± 0 .d4 at a latitude
of 18◦. Having observations of the same spot at four differ-
ent positions on the rotating stellar surface has allowed us
to determine the true orbital obliquity of the system to be
ψ = 20◦ ± 50◦. Its precision is limited by the uncertainties
in the spot latitudes, which show degeneracies for partially-
eclipsed spots as these could be located either above or below
the transit cord. To our knowledge this is the first measure-
ment of ψ purely from spot crossings.
7 Summary
The true and sky-projected orbital obliquities of plane-
tary systems retain information on their formation and dy-
namical evolution histories, albeit eroded by tidal effects
in these short-period binary systems. Measurements of λ
are routinely achieved using spectroscopic observations of
the Rossiter-McLaughlin effect for moderately-rotating host
stars. Fast rotation compromises this process by making the
radial velocity measurements uncertain, but such systems
can be analysed using Doppler tomography to obtain λ and
in some cases ψ. However, host stars showing no detectable
rotational broadening in their spectra are observationally in-
accessible by these methods (e.g. Albrecht et al., 2011). As
these are preferentially cool stars, due to the effect of magn-
tic braking, there exists a gap in our knowledge of the orbital
configurations of transiting planet host stars. This gap can
be filled by tracking the motion of spots as the stars rotate,
Zenodo, 2016 3
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Figure 5: Light curves of WASP-52 (filled circles) compared
to the best-fitting prism+gemc models (solid lines). The
residuals are positioned at the base of each panel, offset from
zero.
using the transiting planets as moving masks to resolve the
stellar surfaces.
This work presents a project to obtain transit light curves
of cool and magnetically active planet host stars, from which
the instantaneous positions of starspots can be measured
and thus the movement of these spots tracked. This pro-
cess can yield both λ and ψ, depending on the number of
transits observed, using essentially geometric arguments.
We have measured λ for five planetary systems (WASP-
19, Qatar-2, WASP-4, WASP-41, WASP-52) and also pre-
sented the first measurement of ψ using this method (for
WASP-52). These results are put into context in Fig. 6
and the full sample of λ and ψ measurements from spot-
crossing analyses are collected in Table 1. This catalogue
is maintained as part of the TEPCat catalogue of tran-
siting planets (Southworth, 2011) which can be found at
http://www.astro.keele.ac.uk/jkt/tepcat/ . Future work will
include increasing the number of entries in Table 1 and in ex-
ploiting the longitudinal separation of European and Chilean
observatories for observing multiple consecutive transits of
planets orbiting magnetically-active stars. As part of this
work we will refine the measured physical properties of
the systems using the Homogeneous Studies methodology
(Southworth, 2008, 2009, 2010, 2011, 2012).
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tidal coupling to the planet are shown using a grey dashed line (6250K; Winn et al., 2010) and a grey shaded region with a
dotted line (6090+150
−110 K; Dawson, 2014). Published values of λ have been adjusted by ±180
◦ to bring them into the interval
[0◦,180◦] following the discussion by Crida & Batygin (2014).
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